A technique is described to localize the anterolateral papillary muscle and to assess its performance in vivo. Using this technique, we measured sequentially the pressure generated within the anterolateral papillary muscle and its changes in length during the cardiac cycle in eight open-chest anesthetized dogs. Pressure within the anterolateral papillary muscle was measured with a 1.6 mm diameter micromanometer probe. Its dimensional changes were measured with ultrasonic crystals. Pressure within the anterolateral papillary muscle exceeded left ventricular pressure throughout the entire cardiac cycle. A difference of 200 + 23 mm Hg was present between systolic pressure in the anterolateral papillary muscle and left ventricular systolic pressure (348 + 25 vs 149 + 6 mm Hg) (p < .001). Shortening of the anterolateral papillary muscle began 25 2 msec after the upstroke of the aortic pressure, continued throughout isovolumic relaxation, and was maximal 68 5 msec after the apex of the aortic incisura. The extent and velocity of shortening of the anterolateral papillary muscle were maximal when pressure within the muscle was lowest. This temporal dissociation between pressure and dimensional changes of the anterolateral papillary muscle appeared to result from cyclic changes of loading imposed on the muscle.
THE PAPILLARY MUSCLE has been largely used as a convenient sample of myocardium for the assessment of the mechanical and biochemical properties of the heart. 1 2However, limited and conflicting descriptions have been given of the normal function of the papillary muscle in the intact heart.3-' Measurements with straingauge arches applied directly to the surface of the papillary muscle showed that tension within the papillary muscle developed well after the rise of intraventricular pressure.7 On the other hand, tension in a single chorda tendinae was reported to parallel left ventricular isovolumic pressure development. 8 On the basis of cineangiograms of metal clips on the mitral valve, some investigators concluded that the papillary muscle contracts isometrically. 3 Others, who evaluated metal clips sewn on the surface of the papillary muscle, found a 22.8% shortening during systole. 4 The availability of miniature probes that produce minimal alterations at the site of measurement has made it possible to assess, in vivo, not only the intra-From the Department of Medicine, Division of Cardiovascular Medicine, Henry Ford Hospital, Detroit, and the Department of Experimental Cardiology, Clinical Physiology Institute, Pisa, Italy. mural pressure generated within the papillary muscle but also its changes in length. The purpose of this investigation was to describe a technique for the assessment of the performance of the papillary muscle in vivo by measuring the pressure within the papillary muscle and its changes in length throughout the cardiac cycle.
Methods
Localization of the anterolateral papillary muscle. The anterolateral papillary muscle was localized in the intact heart by means of a modified Millar micromanometer needle probe. 9 In 12 open-chest dogs (not included in this report), while the pressure sensor was pushed across the anterior cardiac wall to measure intramyocardial pressure at various depths, a pressure was recorded that was twice or more that of left ventricular pressure. Careful dissection in these dogs consistently showed that the pressure sensor was located within the anterolateral papillary muscle. On the basis of these observations, we used the pressure probe as a tool to localize the anterolateral papillary muscle in the intact heart.
The pressure transducer was inserted perpendicular to the epicardium, 1.5 to 2 cm deep into the anterolateral wall of the left ventricle, in the area between the first diagonal branch of the left anterior descending coronary artery and the first marginal branch of the left circumflex coronary artery, halfway between the atrioventricular ring and the apex. Intramyocardial pressure was continuously measured during the insertion and compared with left ventricular pressure. When the systolic intramyocardial pressure was at least twice that of left ventricular intracavitary systolic pressure, the probe was assumed to be within the anterolateral papillary muscle. The pressure probe was then gently withdrawn, and an ultrasonic crystal was advanced 1.5 to 2 cm deep into the same channel that was produced by the pressure probe. This procedure was repeated, introducing the pressure probe 1.5 to 2 cm closer to the apex, to position the second crystal in the papillary muscle along its longitudinal axis.
If intramyocardial pressure never exceeded ventricular pressure by the desired extent, the probe was pushed until the pressure tracing was superimposed on left ventricular pressure. This indicated that the probe had crossed the entire wall and penetrated into the left ventricular cavity. When this happened, the probe was withdrawn and a new site was explored. In most cases one or two attempts were sufficient to locate the papillary muscle and position the ultrasonic crystals, and in no case were more than four or five attempts required. The position of the crystals within the papillary muscle was confirmed at autopsy at the conclusion of each study. Only data from dogs in which both crystals were found to be within the anterolateral papillary muscle and parallel to its longitudinal axis (8/12) were evaluated and are reported in this study.
Measurement of changes in intramyocardial pressure and length of the papillary muscle. Eight mongrel dogs weighing 15 to 20 kg were successfully studied. The dogs were anesthetized with sodium pentobarbital (30 mg/kg) and ventilated with room air by means of a respirator (Harvard) attached to an endotracheal tube. Pressures were recorded in the left ventricle and aorta with micromanometer-tipped catheters (Millar) passed retrograde through a femoral artery and positioned under fluoroscopic control (Picker).
The pressure within the papillary muscle was measured with an ultraminiature strain gauge transducer mounted on a stainless-steel hypodermic needle 1.6 mm in diameter (figure 1). The sensing portion of the probe was 1 x 1.6 x 2 mm and occupied a volume of 3.2 mm3. The strain gauge itself was smaller than the diameter of the probe and was recessed in it. 9 The pressure within the papillary muscle was not affected by rotation of the probe along its longitudinal axis. However, the position of the transducer was maintained unchanged once it had been inserted into the papillary muscle. Tests of the thermal stability of the micromanometer in our laboratory showed that the output did not vary by more than 3 mm Hg over a range of 260 to 390 C. Overpressures of more than 4000 mm Hg do not )M--J ) X -ULTRASOUND PRESSURE CRYSTALS PROBE FIGURE 1. Position of the ultrasonic crystals and of the pressure probe within the anterolateral papillary muscle. 1018 damage the sensor, and its low mass makes it insensitive to acceleration forces. The pressure sensor is a linear device with a normal output accuracy within 0.5% of any selected pressure range from -300 to + 400 mm Hg. The frequency response of the sensor is flat within + 2% to 5 kHz and within + 5% to 10 kHz. The phase lag of this type of sensor is 90 degrees at 35 kHz, which is equivalent to a time delay of approximately 7 ,usec. The sensor has a baseline drift of less than 1 mm Hg in 1 hr.
A bench calibration was performed by attaching the tip of the micromanometer, by means of a saline-filled y-connection, to a column of mercury from a sphygmomanometer, and the transducer was shown to be linear. A calibration in a fresh section of myocardium inserted in a cylinder was also accomplished and confirmed that rotation of the transducer had no effect and that insertion of the transducer vertically (from the top of the cylinder) or laterally (from an orifice at the base of the cylinder) also had no effect. '0 Segmental changes in the length of the papillary muscle were measured by ultrasonic crystals (Ultrasonic Dimension System, Schuessler and Associates, Cardiff by the Sea, CA). The crystals were separated from each other by 1.5 to 2 cm. Care was taken to orient the convex surfaces of the crystals toward each other (figure 1).
The ultrasonic devices have no time delay in the electronic circuitry. The transmission rate of ultrasonic signals is approximately 6.5 gsec/cm in soft tissue. Therefore, at a separation of 2 cm the ultrasonic segment length crystals have a delay of 13 p.sec. Papillary muscle, aortic, and left ventricular pressure transducers were zeroed at atmospheric pressure and were made equisensitive.
Segmental length of the papillary muscle, pressure within the papillary muscle, left ventricular and aortic pressure, and lead II of the electrocardiogram were recorded at a paper speed of 250 mm/sec as well as at lower speeds on an Electronics for Medicine VR-12 recorder.
The rate of change of pressure and the rate of change of length (velocity of shortening or velocity of lengthening) were calculated by measuring the steepest tangent to the respective curves on tracings obtained at a paper speed of 250 mm/sec. Data are presented as mean + SEM. Statistical significance of the observed differences was assessed by Student's t test.
Results
Pressure within the papillary muscle. An example of papillary muscle pressure recorded simultaneously with aortic, left ventricular, and left atrial pressure and the electrocardiogram is shown in figure 2 . Peak systolic pressure of the anterolateral papillary muscle (381 + 36 mm Hg) markedly exceeded left ventricular systolic pressure (144 + 8 mm Hg; p < .001) (table 1). The peak systolic difference between the pressure measured in the papillary muscle and pressure in the left ventricle was 238 ± 31 mm Hg. At end-diastole, the pressure observed in the papillary muscle (30 + 6 mm Hg) was higher than the pressure in the left ventricle (8 ± 1 mm Hg; p < .001); the end-diastolic difference was 23 + 6 mm Hg (table 1).
The maximal rate of rise of pressure (peak positive dP/dt) in the papillary muscle (4920 ± 470 mm Hg/sec) was higher than the maximal positive dP/dt of left ventricular pressure (2070 130 mm Hg/sec; p < .001). The maximal rate of fall of pressure (peak negative dP/dt) in the papillary muscle (5870 890 mm Hg/sec) was also greater than the maximal negative dP/dt of the left ventricular pressure (2930 170 mm Hg/sec; p < .01) (table 2) .
Changes in length of the papillary muscle. The length of the papillary muscle changed during the cardiac cycle as shown in figure 3 . The velocity of lengthening and shortening of the papillary muscle was not uniform during the cardiac cycle. Starting with the point of minimal segment length (A) in early diastole, the following sequence was observed (figure 3): a phase of rapid lengthening (from A to B), a phase of slow lengthening (from B to C), a phase of slow shortening 3730  1710  2490  2  4780  3400  1940  2340  3  3430  4110  2090  3490  4  7490  10700  1940  3510  5  5140  8420  1900  2580  6  6110  6040  2920  2770  7  4200  5320  2020  2800  8  4120  5210  2040  3420  Mean  4920  5870  2070  2930  + SEM  470  890 130 120 E' 1. Timing of changes in pressure and length of the papillary muscle. Although cyclic changes were observed in papillary muscle pressure and length, the systolic rise of pressure and systolic shortening were not simultaneous. Similarly, diastolic lengthening did not coincide with the diastolic fall of ventricular pressure. Papillary muscle shortening began 25 + 2 msec after the upstroke of the aortic pressure, which was after the systolic rise of pressure and well into the left ventricular ejection phase ( figure 3) ; shortening of the papillary muscle continued throughout ejection and also during isovolumic relaxation of the left ventricle ( figure 3) . Lengthening of the papillary muscle began 68 + 5 msec after the apex of the aortic incisura, which was after the beginning of the diastolic fall of both left ventricular and papillary muscle intramyocardial pressure. Lengthening continued throughout diastole and isovolumic contraction ( figure 3 ).
Discussion
We measured sequentially the changes in pressure and length that occurred in the anterolateral papillary muscle throughout the cardiac cycle in the intact, working heart. The method we used is similar to that described by Hirakawa et al. They distinguished the anterior papillary muscle from the free wall by tapping the depth of the endocardium from the epicardial surface with an exploring needle and by external palpation of the ventricular wall. 12 We substituted their exploring needle with a needle-mounted pressure probe after observing that whenever the systolic intramyocardial pressure was 300 mm Hg or more and/or was twice or more the systolic ventricular pressure, the sensor was consistently located within the anterolateral papillary muscle. The use of this probe allowed us to easily locate the papillary muscle. The tract produced by the probe also provided an adequate channel for the ultrasonic crystals. Changes in pressure and length of the papillary muscle could have been measured simultaneously by reinserting the pressure probe in the papillary muscle after positioning the ultrasonic crystals. We elected to measure them sequentially to limit the surgical trauma and to avoid interference with the ultrasonic signal. The changes in pressure were related to the changes in length by timing the events with the electrocardiogram and left ventricular pressure.
Measurement of intramyocardial pressure. Several investigators have attempted in the past to obtain accurate measurements of intramyocardial pressure. Objections to the accuracy of their measurements have rested on the multiple deficiencies inherent in the techniques used. The ultraminiature strain-gauge transducer used in this study has major advantages: (1) an ability to localize pressure measurements at various depths within the myocardial wall, (2) minimal trauma and distortion of the myocardial tissue at the site of measurement because of the small volume occupied by the sensor, (3) a high frequency response and, (4) insignificant time delay.9
Left ventricular systolic and diastolic intramyocardial pressures were measured previously in 26 openchest dogs by means of micromanometers positioned in the subendocardium and in the subepicardium.'2 Systolic pressure in the subendocardium (190 + 5 mm Hg) was approximately 42% higher than left ventricular intracavitary systolic pressure, and systolic pressure in the subepicardium (100 + 3 mm Hg) was about 25% lower than left ventricular pressure.'2 In the experiments included in this study, intramyocardial pressures of similar magnitude were measured when the sensor was within the subepicardium (4 mm depth) or in the subendocardium (8 mm depth). The existence of a systolic pressure difference across the left ventricular wall and the presence in the subendocardium of a pressure higher than that in the left ventricle are in agreement with previous reports." [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Direct measurements of pressure within the anterolateral papillary muscle of the working heart are not available for comparison with our findings.
Measurements of dimensional changes. Dimensional changes of the papillary muscle during the cardiac cycle observed in our experiments differed somewhat from the observations of Hirakawa et al. in a similar animal preparation. They showed less shortening during diastole than we observed and less total shortening (10%). Grimm et al.4 reported higher values of systolic shortening (22.8%) than we found (15%). Previous investigators did not distinguish different phases of shortening or lengthening according to the velocity of the dimensional changes. We found this distinction helpful, however, in understanding papillary muscle contractile behavior during the cardiac cycle and its role in the opening and closing mechanisms of the mitral valve.
In a previous study in which dimensional changes of the anterolateral papillary muscle were measured simultaneously with dimensional changes of the ventricular free wall and with continuous observations of mitral leaflet movements by echocardiography, we showed comparable dimensional changes as in the present study and concluded that papillary muscle shortening throughout isovolumic relaxation may have a role in opening the mitral valve. 19.20 Conversely, elongation of the papillary muscle in the late portion of diastole appeared necessary to permit proper closure of the leaflets and prevent regurgitation.' 9 20 Temporal dissociation between pressure and dimensional changes of the papillary muscle: a load-dependent event.
The observation of varying velocities of shortening throughout the cardiac cycle is consistent with the hypothesis that the velocity of shortening of the papillary muscle is load-dependent and increases when load decreases.1 21 By relating changes of pressure and length of the papillary muscle to the electrocardiogram and to left ventricular and aortic pressures, it was readily apparent that the rise of pressure within the papillary muscle preceded systolic shortening of the papillary muscle. Papillary muscle shortening began well after the beginning of the ejection phase. Previous investigators showed conflicting measurements of the temporal relation of papillary muscle shortening and tension.3'8 Some of these conflicting observations may have related to differences of loading of the papillary muscle under the conditions of the experimental observations. Visualization of the contracting papillary muscle in a bloodless ventricular cavity by others indicated early contraction of the papillary muscle.5 6 Measurements with strain-gauge arches applied directly to the surface of the papillary muscle showed that tension within the papillary muscle developed well after the rise of intra-Vol. 71, No. 5, May 1985 ventricular pressure.7 On the other hand, we found that pressure within the papillary muscle increased nearly simultaneously with intraventricular pressure. Tension in a single chorda tendinae also was reported to parallel left ventricular isovolumic pressure development.8 If one can presume that intramural pressure within the papillary muscle is a reflection of augmented contractile effort secondary to a load imposed in part by the forces borne by the mitral valve during systole, then our observations indicate a dependence of shortening of the papillary muscle on load. The extent and rate of shortening were small when pressure within the papillary muscle was high and presumably when load was great.
The sequence of the contractile events observed in our experiments suggests two temporal periods in papillary muscle function: (1) a time of high isometric force during ventricular systole, when an elevated pressure is measurable within the muscle and minimal dimensional changes occur, and (2) a time of unloaded shortening and lengthening during ventricular diastole, when a low pressure is measurable within the muscle and most dimensional changes occur. Conclusion. We have described a technique that allows sequential measurements of intramyocardial pressure and dimensional changes of the anterolateral papillary muscle in the working heart in situ. Experiments performed in open-chest dogs showed high pressures within the papillary muscle during ventricular systole and the most rapid dimensional changes during ventricular diastole. This temporal dissociation between pressure and dimensional changes of the papillary muscle appeared to result from cyclic changes of loading imposed on the papillary muscle.
